FK506-binding protein 51 (FKBP51) is an immunophilin with isomerase activity, which performs important biological functions in the cell. It has recently been involved in the apoptosis resistance of malignant melanoma. The aim of this study was to investigate the possible role of FKBP51 in the control of response to ionizing radiation (Rx) in malignant melanoma. FKBP51-silenced cells showed reduced clonogenic potential after irradiation compared with non-silenced cells. After Rx, we observed apoptosis in FKBP51-silenced cells and autophagy in non-silenced cells. The FKBP51-controlled radioresistance mechanism involves NF-jB. FKBP51 was required for the activation of Rx-induced NF-jB, which in turn inhibited apoptosis by stimulating X-linked inhibitor of apoptosis protein and promoting authophagy-mediated Bax degradation. Using a tumor-xenograft mouse model, the in vivo pretreatment of tumors with FKBP51-siRNA provoked massive apoptosis after irradiation. Immunohistochemical analysis of 10 normal skin samples and 80 malignant cutaneous melanomas showed that FKBP51 is a marker of melanocyte malignancy, correlating with vertical growth phase and lesion thickness. Finally, we provide evidence that FKBP51 targeting radiosensitizes cancer stem/initiating cells. In conclusion, our study identifies a possible molecular target for radiosensitizing therapeutic strategies against malignant melanoma.
Malignant melanoma is an aggressive neoplasm. The prognosis is bad in the advanced stages of the disease because of resistance to conventional anticancer treatments and the high metastatic potential of this tumor. Currently, no efficient therapeutic strategies are available to control the advanced disease. 1 The use of radiotherapy, the most common antitumor treatment, is controversial for advanced melanoma; it serves mainly as a palliative treatment because of the tumor's radioresistance. In an attempt to elucidate the mechanism protecting malignant melanoma against the killing effect of ionizing radiation (Rx), we investigated the cellular response to Rx in different human melanoma cell lines.
The DNA damage response is complex and relies on the simultaneous activation of different networks. The response involves DNA damage recognition, repair, and the induction of signaling cascades leading to cell cycle checkpoint activation and stress-related responses. 2, 3 Apoptosis is a common biological mechanism for eliminating damaged cells involving the activation of enzymes known as caspases, and leading to endonuclease-mediated internucleosomal fragmentation of DNA. 4 Type II cell death, induced by stress-inducing agents, is autophagy, 5, 6 which is a process of intracellular bulk degradation in which cytoplasmic components, including organelles, are sequestered within double-membrane vesicles that deliver the contents to the lysosome/vacuole for degradation. 7 It is controversial whether this recently discovered process causes death or, instead, protects cells. 8 In fact, the products derived from autophagy are recycled to maintain essential cellular processes. However, there are several lines of evidence that support a role for autophagy in increasing the threshold for apoptosis, thereby sustaining cell survival under conditions of stress. 9 Recently, our studies implicated the large immunophilin FK506-binding protein 51 (FKBP51) in the control of apoptosis induced in malignant melanoma by DNA-damaging agents, such as anthracyclin compounds. 10 We previously showed that FKBP51 is essential for the NF-kB activation induced by doxorubicin. It is noted that NF-kB controls apoptosis at the genetic level and has been implicated in the radioresistance of melanoma. 11, 12 It is widely known that the NF-kB transcription complex belongs to the Rel family, which comprises five mammalian Rel/NF-kB proteins: RelA (p65), c-Rel, RelB, NF-kB1 (p50/p105), and NF-kB2 (p52/100). 13 The activity of NF-kB is controlled by cytoplasmic shuttling to the nucleus in response to cell stimulation. The NF-kB dimers containing RelA or c-Rel are retained in the cytoplasm through interaction with inhibitors (IkBs). 14 In response to a variety of stimuli, IkBs are phosphorylated by the activated IkB kinase (IKK) complex, ubiquitinated, and degraded by the 26S proteosome. 13, 14 This process allows NF-kB dimers to translocate to the nucleus, where they stimulate the expression of multiple target genes. [13] [14] [15] In this study, we attempted to investigate the role of FKBP51 in the activation of NF-kB by Rx and in the protection of tumor cells against Rx-induced killing, using different cell lines. Though we detected very low levels of apoptosis, we observed cellular events consistent with autophagy after cell irradiation. By downmodulating the FKBP51 level, we obtained the induction of massive apoptosis after irradiation, both in vitro and in vivo. We investigated the mechanism of apoptosis regulation and found that FKBP51 controlled radioresistance through the activation of NF-kB. These results suggest that FKBP51 is a promising candidate target for radiosensitizing strategies against malignant melanoma. The translational implication of our findings is reinforced by the clinical evidence of clear immunoreactivity for FKBP51 in all skin samples of cutaneous malignant melanomas (CMMs) from 80 patients. Finally, our study provided evidence that silencing FKBP51 also radiosensitized cancer cells bearing stem markers, which is considered predictive of tumor radiocurability. 16 
Results

FKBP51 downmodulation sensitizes melanoma cells to
Rx-induced apoptosis. To investigate the role of FKBP51 in the cellular response to Rx, melanoma cells were transfected with a short interfering (si) RNA previously shown to efficiently downmodulate the protein. 10 Figure 1 shows representative results of the effect of FKBP51 gene silencing in the SAN melanoma cell line. The downmodulating effect of FKBP51 siRNA was specific because it could not be reproduced by a siRNA for FKBP12 17 ( Figure 1a) . A clonogenic assay was performed using cells transfected with FKBP51 siRNA, non-silencing (NS) RNA, or nothing. Knocking down FKBP51 in melanoma cells produced a sensitizer enhancement ratio 18 of 1.5 (7.2 Gy/ 4.8 Gy). This ratio was calculated on the basis of the radiation dose necessary to obtain the end point of a 90% inhibition of colony formation. As shown in Figure 1b , the line corresponding to 10% survival intercepts the dose response curve of control cells (not transfected or transfected with NS RNA) at 7.2 Gy, whereas that of FKBP51-depleted cells occurred at 4.8 Gy. This result suggests that decreased levels of FKBP51 remarkably increase the cytotoxic effect of radiation in melanoma cells. To investigate the cellular response to Rx in cells depleted of FKBP51, the light chain 3 (LC3)-I to LC3-II conversion and levels of cleaved caspase-3, hallmarks of autophagy 19 and apoptosis, 4 respectively, were investigated by western blot. Whole cell lysates were prepared from cells transfected with the specific siRNA or NS RNA. At 48 h after transfection, cells were exposed to 4 Gy dose Rx and harvested at 0, 2, 4, 6, and 9 h. Figure 1c shows that the presence of the autophagosome membrane recruited the LC3-II isoform in non-irradiated cells, both transfected and not transfected with FKBP51 siRNA, which is consistent with a basal level of autophagy. The isoform disappeared 6 h after Rx exposure in FKBP51-depleted cells but not in NS RNA-transfected cells. An increase in Beclin-1 (Becn-1) levels was detected in non-silenced cells after 4 h, suggesting that this increase had a role in sustaining the LC3-I to LC3-II conversion. In contrast, the appearance of the active fragment of the execution caspases-3 and -7 20 in FKBP51-depleted cells, as early as 4 h after Rx exposure, suggests the activation of apoptosis. Interestingly, Bax levels decreased in irradiated non-silenced cells, concomitant to increase of Becn-1 levels and LC3-I to LC3-II conversion. Autophagy was confirmed by transmission electron microscopy; a quantitation analysis of autophagic profiles/cell area showed a clear increase in autophagosomes 6 h after Rx exposure ( Figure 1d ). Apoptosis was confirmed by flow cytometry. Figure 1e shows the flow cytometric histograms of caspase-9 and -3 activation, annexin V binding, and propidium iodide incorporation in irradiated cells. A measure of cell death by annexin V binding in 15 independent experiments clearly showed that Rx induced a remarkable increase in the cell death of FKBP51-depleted cells (48.7 ± 11.8) compared with that of non-silenced cells (26.7±8.1) (P ¼ 0.000). The mean values of cell death for non-irradiated, non-silenced or silenced cells were 18.0 ± 4.4 and 27.9 ± 8.5, respectively (P ¼ 0.022). This finding suggests that knocking down FKBP51 reduces the threshold for cell death. The induction of apoptosis in FKBP51-depleted cells was confirmed using the pan-caspase inhibitor z-Valine-AlanineAspartic Acid (zVAD), which clearly inhibited Rx-induced cell death (Figure 1f ). The sensitizing effect of FKBP51 siRNA on Rx-induced apoptosis was observed also in G361, A375, and SK-MEL-3 melanoma cell lines (not shown).
FKBP51 downmodulation prevents the Rx-induced activation of NF-jB. Rx induces NF-kB activation. 21 We found that the kinetics of IkB degradation showed a decrease in IkBa levels and the complete disappearance of IkBb as early as 4 h after irradiation, with a return to the basal level after 20 h (Figure 2a) . The activation of NF-kB was confirmed by electrophoretic gel mobility shift assay (EMSA) (Figure 2b ). According to our earlier findings, the treatment of cells with FKBP51 siRNA prevents both IkB degradation and the nuclear translocation of the transcription factor. In line with NF-kB activation, an increase in the level of the caspase inhibitor X-linked inhibitor of apoptosis protein (xIAP) was observed. As expected, such an increase was not observed in FKBP51-silenced cells (Figure 2c) . Consistent with the notion that xIAP transcription is under NF-kB control, 15 reduced levels of XIAP mRNA, both basal and Rx-induced, were found in p65-silenced cells compared with those in non-silenced cells (Figure 2d ). The upregulation of xIAP had a role in the inhibition of irradiated melanoma cell apoptosis. In fact, when xIAP expression was silenced with siRNA, the Rx stimulated caspase activation and cell death (Figure 2e ). Taken together, these findings suggest that FKBP51-silenced cells fail to activate NF-kB-controlled anti-apoptotic genes when irradiated. Rx-induced NF-jB sustains autophagy. To investigate whether the enhanced levels of Becn-1 were because of NF-kB activation, we attempted to downmodulate the p65 subunit of NF-kB. A supershift assay provided evidence that p65 represents the main component of the NF-kB complex activated by Rx in our cell system. As shown in Figure 3a , the Rx-induced NF-kB band was supershifted by anti-p50 and anti-p65 antibodies. Melanoma cells transfected with p65 siRNA or a NS RNA control were irradiated and, after 6 h, total cell lysates were prepared. A western blot assay showed that p65 siRNA, but not NS RNA, downmodulated the protein (Figure 3b ). Radiation treatment enhanced the levels of Becn-1 in non-silenced cells, but this was not observed in cells depleted of p65 (Figure 3b ). An increase in the levels of the LC3-II isoform was found in irradiated cells but not when p65 was downmodulated ( Figure 3b ). The Rx-induced increase in Becn-1 protein was associated to increase in BECN-1 mRNA levels ( Figure 3c ). Such increase was not observed in p65-silenced cells (Figure 3c ). This result suggests that p65 was essential for Becn-1 expression. Our finding is in accordance with the very recent demonstration that p65 To investigate whether Becn-1, an important component of the autophagic machinery, 7-9 has a role in the apoptosis inhibition of irradiated cells, we used specific siRNA to downmodulate Becn-1. A western blot assay of whole cell extracts prepared from cells 6 h after irradiation showed an increase in the level of LC3-II isoform in cells transfected with NS RNA but not those depleted of Becn-1 by specific siRNA (Figure 3d ). This finding is in accordance with the concept that Becn-1 is essential for the activation of autophagy. [7] [8] [9] An analysis of cell death after an additional 40-h incubation showed that the percentage of annexin V-positive cells clearly increased in Becn-1-depleted cells (Figure 3d ). This finding was confirmed in two other independent experiments. To investigate the mechanism by which Becn-1 inhibits apoptosis, we investigated the levels of Bax, which is an important component of the permeability transition pore in mitochondrion-dependent apoptosis. 23 Western blot showed reduced Bax levels in irradiated melanoma cells, which is consistent with its degradation. In Becn-1-silenced cells, Bax levels were higher compared with those in non-silenced cells after irradiation (Figure 3e ). Bax localization was investigated by confocal microscopy, in double fluorescence with LC3.
Bax was mostly localized in the nucleus, in basal conditions, and to some extent in the cytosol. After irradiation, nuclear Bax apparently translocated to the cytosol. The presence of colocalization areas in LC3 aggregates (see enlarged detail) suggests a possible inclusion of Bax in autophagic vacuoles (Figure 4a) . A semi-quantitative western blot analysis of Bax levels in cells irradiated in the absence or presence of inhibitors of lysosomal proteolysis showed a decrease in Bax levels in irradiated cells, but not when inhibitors of lysosomal proteases were added to the cell culture ( Figure 4b ). This finding supports the hypothesis of an Rx-induced autophagic degradation of Bax.
Taken together, these findings suggest that Becn-1 expression is controlled by NF-kB, and that autophagy may be an additional mechanism through which such transcriptional activity represses apoptosis.
FKBP51 is expressed in malignant melanoma-initiating cells. Normal stem cells have a high drug efflux capability because of the expression levels of ATP-binding cassette (ABC) transporters, which actively pump drugs out of the cell. The ABC, subfamily G, member 2 (ABCG2) is a member of this superfamily of ABC transporter proteins, and it is known to be not only a member of the membrane transporters implicated in multidrug resistance but also a molecular determinant of cancer stem/initiating cells, 24 including melanoma. 25 To find whether FKBP51 targeting can overcome radioresistance in such cells with enhanced tumorigenic potential, we investigated whether they expressed this immunophilin. The Pretreatment with FKBP51-siRNA promotes apoptosis in irradiated tumor xenografts. We confirmed that the downmodulation of FKBP51 radiosensitized melanoma in vivo. To investigate apoptosis in tumor xenografts, the activation of caspase-3 was determined by the immunohistochemistry of FKBP51 is a marker of malignant melanocytes. Specimens of cutaneous melanoma from 80 patients and 10 samples of normal skin stored in the archive of the Pathology section (Department of Biomorphological and Functional Sciences, University Federico II of Naples, Italy) were examined for FKBP51 expression. In normal skin, no immunopositive melanocytes were found. Table 1 presents the patient profiles relative to the cases studied. In most patients (58/80, 72%), a low ( þ ) immunopositivity was found in melanocytes during the radial growth phase. Melanocytes in the vertical growth phase displayed a stronger immunopositivity ( þ þ ) compared with radial melanocytes (Po0.001, Pearson w 2 ¼ 62.082). A significant correlation was found between FKBP51 expression and the thickness of the tumor lesion (Spearman's r ¼ 0.646, Po0.001). Moreover, metastatic melanoma was associated with the highest immunoreactivity ( þ þ þ ) (Spearman's r ¼ 0.538, Po0.001). Figure 7 shows representative immunohistochemical stains for FKBP51 in skin specimens from patients with primitive and metastatic lesions. A definite brown cytoplasmic immunostaining for FKBP51 is visible in tumor, but not normal, melanocytes. The immunoreactivity of the metastatic cutaneous lesion was impressive. In conclusion, our findings unequivocally show that FKBP51 is overexpressed in melanoma lesions of all the patients studied and that FKBP51 expression correlates with malignity of the lesions.
Discussion
Among cancers, malignant melanoma is one of the most resistant to treatment. 1 Approximately 80% of melanomas are diagnosed at a localized stage, and the 5-year survival rate In contrast, the 5-year survival rates for regional and distant stages of the disease are much lower (65 and 15%, respectively). 1 Patients diagnosed with advanced stage melanoma have a very poor prognosis and relatively few treatment options. These patients continue to pose a significant challenge for clinicians. Although many therapeutic regimens for metastatic melanoma have been tested, very few achieve response rates 425%. 26 Given the rising incidence of melanoma and the paucity of effective treatments, there is much hope for targeted therapies and promising agents, including those that act on apoptosisregulating molecules.
11,27 Herein, we showed a novel role for FKBP51 as a marker of melanocyte malignancy and involvement in the protection of melanoma against Rx-induced apoptosis. FKBP51 is a large immunophilin that exerts important biological functions in the cell, among which is the regulation of the steroid hormone response as a component of the steroid hormone receptor complex 28 and the control of NF-kB activation as a cofactor of the IKKa subunit in the IKK complex. 29 Our data showed that FKBP51 has a relevant role in counteracting apoptotic processes stimulated by Rx. Cellular events were consistent with autophagy, such as an increase in Becn-1 levels and the autophagosome membrane-associated LC3-II isoform, but very few with cell death were observed in irradiated melanoma cells, suggesting that autophagy supports the survival of the tumor cells. Transmission electron microscopy showed an increased number of autophagic vacuoles in irradiated cells. In contrast, typical biochemical markers of apoptosis, such as cleaved caspase-9 and -3, phosphatidylserine externalization on the plasma membrane, and hypodiploid DNA in melanoma cell nuclei, were observed in irradiated melanoma cells pretreated with FKBP51 siRNA. In accordance with our earlier findings, 10 FKBP51 was required for NF-kB activation; in fact, FKBP51 silencing prevented the Rx-induced nuclear translocation of this transcription factor. Among the apoptosis-regulating proteins under NF-kB control, the IAP family of proteins has been widely involved in the resistance of human cancers to apoptosis induced by both radiotherapy and chemotherapy. 30 Our data confirmed the important role for xIAP in melanoma radioresistance. A clear enhancement in the expression of xIAP was found after Rx exposure. By using siRNA specific for xIAP silencing, we found caspase-3 activation and cell death after irradiation. Apparently, xIAP was not the only factor contributing to the resistance to apoptosis. Becn-1-silenced cells were also found to be sensitive to Rx. As expected, any increase in the autophagosome-recruited LC3-II isoform was not observed, suggesting the inhibition of autophagy. Reduced Bax levels in irradiated non-silenced cells but not in Becn-1-silenced cells suggest a role for autophagy in Bax degradation. It is noted that Bax is an important mediator of mitochondrion-dependent apoptosis; therefore, its reduced level may represent an additional mechanism for cell death inhibition. 23 Using siRNA to silence the p65 subunit of the NF-kB transcription complex, we showed that Becn-1 induction also depended on NF-kB. Taken together, these findings suggest that the activation of NF-kB in irradiated melanoma inhibits apoptosis by upregulating the caspase inhibitor xIAP and autophagic protein Becn-1. A scheme of the proposed mechanism is illustrated in Figure 8 . This study identifies a protein that acts upstream of NF-kB, and whose knocking down efficiently overcomes the apoptotic machinery block provoked by this transcription factor, thus permitting Rx-induced killing. The relevant role for FKBP51 in radioresistance has also been documented in vivo. The study of tumor sections from melanoma xenografts implanted in nude mice showed unequivocal and extensive apoptosis provoked by a single dose of FKBP51 siRNA before irradiation.
It is a rapidly emerging concept that the radiocurability of a tumor implicates that the cancer stem or initiating cell is killed. 16 A cancer stem cell is defined as a cell within a tumor that possesses the capacity to self-renew and generate the heterogeneous cancer cells that comprise the tumor. 16 Tumor stem or initiating cells have been proposed to exist for melanoma. 31 The ABC transporter, ABCB5, was recently shown to be a marker of cells capable of recapitulating melanomas in xenotransplantation models. 32 The ABCG2 The translational implication of our findings was reinforced by data obtained from a study on 80 melanoma patients. The protein expression was investigated in CMM both primitive and metastatic. The relevant data from this analysis are that FKBP51 (i) was expressed in all CMMs analyzed but not in normal skin; (ii) expression was higher in melanocytes during the vertical growth phase compared with the radial growth phase; (iii) expression correlated with the thickness of the tumor lesion; (iv) expression was maximal in metastatic melanoma. In conclusion, we show that FKBP51, a protein with important biological roles in normal cells, 28, 29, 33 acquires a pro-oncogenic potential when its expression is deregulated, which is what occurs in melanoma. Such deregulation might sustain survival networks that protect the melanoma against killing. Our finding, that FKBP51 controls Rx-induced apoptosis in melanoma and correlates with malignity of the lesions, provides a novel potential target for signaling therapies of advanced disease and opens the door to the development of diagnostic and prognostic tools for FKBP51 expression profile, which can provide important insights into melanoma biology and progression.
Materials and Methods
Cell culture. The melanoma cell line SAN 10,34 was established from a patient's tumor lymphonodal metastasis and was provided by Dr. Gabriella Zupi (Experimental Preclinic Laboratory, Regina Elena Institute for Cancer Research, Roma, Italy). Cells were cultured in RPMI (Roswell Park Memorial Institute) 1640 medium (Lonza, Braine-l'Alleud, Belgium) supplemented with 10% heat-inactivated fetal bovine serum (FBS) (Lonza), 200 mM glutamine (Lonza), and 100 U/ml penicillin-streptomycin (Lonza) at 371C in a 5% CO 2 humidified atmosphere. The melanoma cell lines G361 and SK-MEL-3 35 (derived from a primary tumor and a lymphonodal metastasis, respectively) were cultured in McCoy's modified medium (Sigma Aldrich, Saint Louis, MO, USA) supplemented with 10% heat-inactivated FBS, 200 mM glutamine and 100 U/ml penicillin-streptomycin at 371C in a 5% CO 2 humidified atmosphere. The melanoma cell line A375, 36 derived from a metastatic tumor, was cultured in Dulbecco's Modified Eagle's Medium (Lonza) supplemented with 15% heat-inactivated FBS, 200 mM glutamine, and 100 U/ml penicillinstreptomycin at 371C in a 5% CO 2 humidified atmosphere. G361, SK-MEL-3, and A375 were kindly provided by Dr. Rosella Di Noto (CEINGE, Naples, Italy).
Cell transfection. At 24 h before transfection, cells were seeded into six-well plates at a concentration of 2 Â 10 5 cells/ml to obtain 30-60% confluence at the time of transfection. Then, the cells were transfected with specific short interfering oligoribonucleotide (siRNA) or with a non-silencing oligoribonucleotide (NS RNA) as control, at a final concentration of 50 nM using Metafectene (Biontex, Munich, Germany) according to the manufacturer's recommendations. NS RNAs and siRNAs corresponding to human cDNA sequences for FKBP51, FKBP12, RelA, xIAP, and Becn-1 were purchased from Qiagen (Germantown, Philadelphia, PA, USA). The siRNA sequences were: At 48 h after transfection, cells were irradiated with a 6 MV X-ray of a linear accelerator (Primus, Siemens, München, Deutschland) and processed according to the different experimental procedures.
Clonogenic assay. This assay was performed as described earlier. 37 Briefly, melanoma cells, not transfected and transfected with FKBP51 siRNA or with NS RNA, were irradiated at Rx doses between 1 and 8 Gy, harvested and plated in triplicate at a density of 500 cells/plate. After 10 days, the formed colonies were stained with crystal violet and counted. The mean colony count was calculated for each treatment (both Rx dose and type of cell transfection). The number of colonies in the irradiated dishes was divided by the number of colonies in the non-irradiated dishes and expressed as a percentage. The graph of percent survival (y axis) against Rx dose (x axis) was performed in semilogarithmic scale.
Cell lysates and western blot assay. Whole cell lysates were prepared by homogenization in modified RIPA buffer (150 mM sodium chloride, 50 mM Tris-HCl, pH 7.4, 1 mM ethylenediamine tetraacetic acid (EDTA), 1 mM phenylmethylsulfonyl fluorite (PMSF), 1% Triton X-100, 1% sodium deoxycholic acid, 0.1% sodium dodecylsulfate (SDS), 5 mg/ml aprotinin, and 5 mg/ml leupeptin). For IkBa and IkBb detection, cytosolic extracts were obtained from 1 Â 10 6 cells resuspended in 50 ml of lysing buffer (10 mM HEPES, pH 7.9, 1 mM EDTA, 60 mM KCl, 1 mM dithiothreitol, 1 mM PMSF, 50 mg/ml antipain, 40 mg/ml bestatin, 20 mg/ml chymostatin, and 0.2% v/v Nonidet P-40) for 15 min in ice. Cell debris was removed by centrifugation. Protein concentration was determined using the Bradford protein assay. Cell lysates were equalized for total protein, run in 10-14% SDS in polyacrylamide gel electrophoresis (PAGE) and transferred onto a methanol-activated polyvinylidene difluoride membrane (Millipore, Tokyo, Japan), which was incubated with the primary antibody. The goat polyclonal antibodies against FKBP51 (F-13), FKBP12 (N-19), and Actin (I-19) (Santa Cruz Biotechnology, Santa Cruz, CA, USA); the rabbit polyclonal antibodies against Becn-1 (H-300), IkBa (C-21), IkBb (C-20) (Santa Cruz Biotechnology), LC3 (Novus Biologicals, Littleton, CO, USA), caspase-7 (C7724, Sigma, Saint Louis, MO, USA), and cleaved caspase-3 (Asp175) (Cell Signaling, Danvers, MA, USA) were used diluted 1 : 500. The mouse monoclonal antibodies against caspase-3 (specific for both pro-caspase and cleaved caspase-3) (Sigma Aldrich), xIAP (Stressgene, San Diego, CA, USA) and Bax (B-9, Santa Cruz Biotechnology) were used diluted 1 : 1000. The blots were developed with an electrochemiluminescence system (ECL) (GE Healthcare-Amersham, Buckinghamshire, UK).
Transmission electron microscopy. Melanoma cells, irradiated or nonirradiated, were plated on 60-mm dishes. At 30-50% confluence, the cells were fixed with 2% glutaraldehyde in 0.2 M Hepes, pH 7.4, at room temperature for 30 min. The cells were scraped and pelleted, and the fixation was continued for 2 h. The cells were then dehydrated in ethanol and embedded in epoxy resin. Thin sections were cut and stained with uranyl acetate and lead citrate, and examined under a Jeol JEM1200 EX2 Transmission Electron Microscope (Jeol, Tokyo, Japan).
Nuclear extracts, EMSA, and oligonucleotides. Cell nuclear extracts were prepared from 1 Â 10 6 cells by homogenization of the cell pellet in two volumes of 10 mM HEPES, pH 7.9, 10 mM KCl, 1.5 mM MgCl 2 , 200 mM EDTA, 0.5 mM DTT, 0.5 mM PMSF, and 10% glycerol (v/v). Nuclei were centrifuged at 1000 Â g for 5 min, washed, and resuspended in two volumes of the abovespecified solution. KCl (3 M) was added until the concentration reached 0.39 M. Nuclei were extracted at 41C for 1 h and centrifuged at 10 000 Â g for 30 min. The Figure 8 Schematic representation of the proposed mechanism for the FKBP51 suppression of ionizing radiation (Rx)-induced apoptosis. Rx triggers both the apoptotic and NF-kB pathways. FKBP51 is required for the activation of NF-kB, which in turn inhibits apoptosis by stimulating xIAP and promoting authophagy-mediated Bax degradation. In FKBP51-silenced cells, the lack of NF-kB induction permits the activation of apoptotic machinery, leading to cellular suicide FKBP51 controls melanoma response to Rx S Romano et al supernatants were clarified by centrifugation and stored at À801C. Protein concentrations were determined using the Bradford method. The NF-kB consensus 5 0 -CAACGGCAGGGGAATCTCCCTCTCCTT-3 0 oligonucleotide 3 was end-labeled with [g 32 P] ATP using a polynucleotide kinase (Roche, Basel, Switzerland). Endlabeled DNA fragments were incubated at room temperature for 20 min with 5 mg of nuclear protein, in the presence of 1 mg poly(dI-dC), in 20 ml of a buffer consisting of 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 1 mM EDTA, 1 mM DTT, and 5% glycerol (v/ v). In supershifting experiments, rabbit antibodies against p105/p50 (N-19), p65 (F-6), cRel (N), RelB (C-19) (Santa Cruz Biotechnology), and against p52 (kindly provided by Professor Shao-Cong Sun, Department of Microbiology and Immunology, Pennsylvania State University College of Medicine, Hershey, PA, USA) were added to the incubation mixture. In competition assays, a 50 Â molar excess of NF-kB or NFAT cold oligo was added to the incubation mixture. Protein-DNA complexes were separated from the free probe on a 6% polyacrylamide (w/v) gel run in 0.25 Â Tris borate buffer at 200 mV for 3 h at room temperature. The gels were dried and exposed to X-ray film (Fuji film, L.E.P., Naples, Italy).
Analysis of apoptosis. Caspase-3 and -9 activity was determined using the Carboxyfluorescein Fluorochrome Inhibitor of Caspases Assay (FLICA) Kits (B-Bridge International, San Jose, USA,) according to the instructions of the manufacturer. Cells are permeable to the fluorochrome inhibitor that binds covalently to the activated caspase, thereby inhibiting enzymatic activity. Briefly, 4 h after exposure to a 4 Gy Rx dose, the cells were harvested and resuspended in 300 ml PBS containing FLICA reagent, for 1 h at 371C in a 5% CO 2 atmosphere, in the dark. During the incubation, cells were gently resuspended twice to ensure an optimal distribution of the FLICA reagent among all cells. Then, the cells were washed twice in wash buffer by centrifugation at 400 Â g for 5 min, resuspended in 300-400 ml of PBS, and analyzed by flow cytometry. The green fluorescent signal was a direct measure of the number of active caspase enzymes. Phosphatidylserine externalization was investigated by annexin V staining. Briefly, 1 Â 10 5 cells were harvested 48 h after Rx exposure (4 Gy) and resuspended in 100 ml of binding buffer (10 mM Hepes/NaOH pH 7.5, 140 mM NaCl, and 2.5 mM CaCl 2 ) containing 5 ml of annexin V-FITC (Pharmingen/Becton Dickinson, San Diego, CA, USA) for 15 min at room temperature in the dark. Then, 400 ml of the same buffer was added to each sample and the cells were analyzed with a Becton Dickinson FACScan flow cytometer (Becton Dickinson). The peptide caspase-3 inhibitor Z-Asp-Glu-Val-Asp fluoromethyl ketone (Z-DEVD-fmk) was provided by Sigma Aldrich.
Analysis of DNA content by propidium iodide incorporation was performed in permeabilized cells by flow cytometry. Cells (2 Â 10 4 ) were harvested 72 h after Rx exposure (4 Gy), washed in PBS, and resuspended in 500 ml of a solution containing 0.1% sodium citrate w/v, 0.1% Triton X-100 v/v, and 50 mg/ml propidium iodide (Sigma Chemical Co, Gallarate, Italy). After incubation at 41C for 30 min in the dark, cell nuclei were analyzed with an FACScan flow cytometer. Cellular debris was excluded from the analysis by raising the forward scatter threshold, and the DNA content of the nuclei was registered on a logarithmic scale. The percentage of the elements in the hypodiploid region was calculated.
Real-time PCR. Total RNA was isolated by Trizol (Invitrogen, Carlsbad, CA, USA) from cells harvested 6 h after Rx, according to the instructions of the manufacturer. A total of 1 mg of each RNA was used for cDNA synthesis with Moloney Murine Leukemia Virus Reverse Transcriptase (Invitrogen). Gene expression was quantified by real-time PCR using the iQSYBR Green Supermix (Biorad, Hercules, CA, USA) and specific real-time-validated QuantiTect primers for Bax, Becn-1, and XIAP (Qiagen) and specific primers for b-actin:
Confocal microscopy. Cells were fixed in 4% paraformaldehyde in PBS for 20 min, washed twice for 5 min each time, with 50 mM NH 4 Cl in PBS permeabilized for 5 min in 0.1% Triton X-100 in PBS. The cwere then blocked in 1% bovine serum albumin (BSA) in PBS for 1 h and washed twice in PBS. Mouse monoclonal anti-Bax (Santa Cruz Biotechnology) and rabbit polyclonal LC3 (Novus Biologicals), diluted 1 : 40 in PBS 0.5% BSA for 1 h in a humidified atmosphere, served as the primary antibody. The cells were then extensively washed in PBS before staining with secondary goat anti-mouse Alexa Fluor 546 and anti-rabbit Alexa Fluor 488 (Molecular Probe, Invitrogen Corporation, Carlsbad, CA, USA). Nuclei were counterstained with Hoechst 33258 (0.5 mg/ml in PBS) (Sigma Aldrich) for 10 min. Finally, the cells were washed in PBS and mounted on glass slides with PBS containing 50% glycerol.
The analysis of immunofluorescence was performed with a confocal laser scanner microscopy Zeiss 510 LSM (Carl Zeiss Microimaging GmbH, München, Germany), equipped with Argon ionic laser (Carl Zeiss Microimaging GmbH, München, Germany) whose l was set up to 488 nm, a HeNe laser whose l was set up to 546 nm, and an immersion oil objective, 63 Â /1.4f. Emission of fluorescence was shown by a BP 505-530 band pass filter for Alexa-488 and 560 long pass for Alexa-546. Images for the double-staining immunofluorescence were acquired by sequential scanning to eliminate the cross talk of chromophores in the green and red channels and then saved in TIFF format to prevent the loss of information. They had been acquired with a resolution of 1024 Â 1024 pixel with the confocal pinhole set to one Airey unit.
Cell sorting and immunostaining of ABCG2 þ cells. SAN melanoma cells were harvested, centrifuged for 5 min at 400 Â g, and incubated with a monoclonal antibody against human ABCG2-pycoerythrin (PE) conjugated (R&D Systems, Minneapolis, MN, USA). After incubation at 41C for 30 min in the dark, cells were fixed with 2% paraformaldehyde in PBS for 1 h and permeabilized with 0.1% Triton X-100 and 0.1% sodium citrate in PBS for 3 min in ice. Afterward, intracellular indirect immunostaining was performed with anti-FKBP51 (H-100) (Santa Cruz Biotechnology) and a secondary fluorescein isothiocyanate (FITC)-conjugated antibody. Expression of FKBP51 in both ABCG2 þ and ABCG2 À cells was analyzed in flow cytometry by using the ABCG2-PE/SSc gating strategy. For the immunohistochemistry of ABCG2 þ cells, these were sorted from the whole cells of the melanoma cell line SAN with a BD FACSAria (BD Biosciences). The ABCG2
þ population was 477% in purified cells. The sorted cells were immediately fixed with 2% paraformaldehyde in PBS. Then, the cells were deposited on a slide (Cytoslide Shandon, Waltham, MA, USA) by spinning in a cytocentrifuge (Cytospin 3, Shandon) at 600 r.p.m. for 5 min, and subjected to FKBP51 immunohistochemical staining.
Immunohistochemistry. Serial sections of 4-mm thickness from routinely formalin-fixed, paraffin-embedded blocks were cut for each case of CMM and normal skin, and mounted on poly-l-lysine-coated glass slides, as described earlier. 36 Briefly, deparaffinized sections were boiled thrice for 3 min in a 1 mM sodium citrate buffer (pH 6.0), as an antigen retrieval method. To prevent a nonspecific binding of the antibody, sections were preincubated with a non-immune mouse serum (1 : 20; Dakopatts, Hamburg, Germany) diluted in PBS-BSA (1%) for 25 min at room temperature. After quenching of endogenous peroxidases with 0.3% hydrogen peroxide in methanol, followed by two rinses with Tris-HCl buffer, the sections were incubated with the anti-FKBP51 primary antibody (F-13) (Santa Cruz Biotechnology) diluted 1 : 50 overnight at 41C. The standard streptavidin-biotinperoxidase complex technique, using sequential 20 min incubation with biotinylated linking antibody and peroxidase-labeled streptavidin (labeled streptavidin-biotin complex kit horseradish peroxidase, DAKO, Carpinteria, CA, USA), was performed. 3,3V-diaminobenzidine (3-3V diaminobenzidine tetrachloride; Vector Laboratories, Burlingame, CA) was used as a substrate chromogen solution for the development of the peroxidase activity. Hematoxylin was used for nuclear counterstaining; then, the sections were mounted and coverslipped with a synthetic mounting medium (Entellan, Merck, Darmstadt, Germany). As control, an antibody with irrelevant specificity, but with the same isotype as the primary antibody, was used in each staining run. Only cells with a definite brown cytoplasmatic immunostaining were judged as positive for FKBP51 antibody. The immunohistochemical expression of FKBP51 in CMM was evaluated semiquantitatively as the percentage of positive tumor cells among the total melanoma cells present in at least 10 representative fields and scored according to an arbitrary scale (Staibano et al. Animal studies. SAN melanoma cells, 3 Â 10 6 in a volume of 100 ml PBS, were injected s.c. into one flank of 24 6-week-old athymic nu/nu mice (Charles River Laboratory, Wilmington, MA, USA). Mice were maintained under specific pathogenfree conditions in the Laboratory Animal Facility of the National Cancer Institute, G Pascale Foundation, Naples, Italy. All studies were conducted in accordance with Italian regulations for experimentations on animals. Mice were observed daily for the visual appearance of tumors at the injection sites. Tumor diameters were measured using calipers and calculated as the mean value between the shortest and the longest diameters. When tumors reached B10 mm in mean diameter, 3-4 weeks post-injection of cells, 12 mice were subjected to a single intratumor injection of FKBP51 siRNA and 12 to an injection of NS RNA. After 48 h, 12 mice (six treated with FKBP51 controls melanoma response to Rx S Romano et al FKBP51 siRNA and six with NS RNA) were subjected to tumor irradiation. A total of six irradiated animals (three injected with NS RNA and three with FKBP51 siRNA) and six non-irradiated animals (three injected with NS RNA and three with FKBP51 siRNA) were killed 24 h after irradiation. The remaining 12 animals were killed a day later. Each tumor was divided into two parts: one portion was formalin-fixed and paraffinembedded for immunohistochemistry and the other was processed for the preparation of whole cell lysates. For immunohistochemical assays, 5-mm-thick paraffin-embedded sections were incubated with Tris-buffered saline (TBS)/BSA for 10 min to reduce unspecific staining. Tissue sections were then exposed to rabbit polyclonal antibody against cleaved caspase-3 (Asp175) (Cell Signaling) or isotype-matched control antibody for 1 h. After two washes in TBS, sections were exposed to anti-rabbit biotinylated antibody, washed again, and incubated with peroxidase-labeled streptavidin. 3,3V-diaminobenzidine was used as a substrate chromogen solution for the development of peroxidase activity. Counterstaining of tumor sections was performed using aqueous hematoxylin. Lysates of excised tumors were prepared by homogenization in modified RIPA buffer. Homogenization was conducted in a Dounce Homogenizer, before incubation for 1 h at 41C. Preparations were subsequently clarified by centrifugation at 14 000 Â g for 30 min at 41C. The protein content of the supernatants was determined using the Bradford method. Samples were equalized for total protein and run in SDS-PAGE electrophoresis. Western blot filter was incubated with the rabbit polyclonal antibody for cleaved caspase-3 (Asp175) (Cell Signaling).
Statistical analysis. The results reported are the mean and standard deviation of independent experiments. The statistical significance of differences between means was estimated using Student's t-test. The w 2 -test was used to assess the difference between categorical variables. The Spearman's rank correlation coefficient was used for non-parametric data. Values of Pp0.05 were considered statistically significant. The statistical analysis was performed using the SPSS statistical package (SPSS Inc., Chicago, IL, USA).
